We determine the phase diagram of a quasi-one-dimensional superconductor (weakly coupled chains system with an open Fermi surface) in a magnetic field. A field H(O, H, O) along the y direction (perpendicular the direction 2: of highest conductivity) tends to confine the electronic motion in the z direction. At low temperature, this efFect cannot be neglected and the GinzburgLandau theory breaks down. We find that the usual Ginzburg-Landau regime is followed, when the field is increased, by a cascade of superconducting phases separated by first-order transitions, which ends with a strong reentrance of the superconducting phase where the chains interact by Josephson coupling. This high-field superconductivity can survive even in the presence of Pauli pair breaking because the quasi-one-dimensional Fermi surface allows one to construct a LarkinOvchinnikov-Fulde-Ferrell state that can exist far above the Pauli-limited field. Moreover, elastic scattering does not destroy the superconducting phases in clean materials with sufBciently large anisotropy. We show that the superconducting state evolves from an Abrikosov vortex lattice in weak field towards a Josephson vortex lattice in the reentrant phase. Between these two limits, the order parameter and the current distribution show laminar-type symmetry. The relevance of our results is discussed for quasi-one-dimensional organic superconductors and quasi-two-dimensional superconductors.
I. INTRODUCTION
The microscopic justification of the GinzburgLandau (GL) description of the mixed state of type-II superconductors2 is based on a semiclassical approximation (known as the semiclassical phase integral or eikonal approximation) which completely neglects the quantum efFects of the magnetic field. s At low temperature (or high magnetic field) and in sufFiciently clean materials hu, )) k1rT, 5/7' (u, being the characteristic magnetic frequency and r the elastic scattering time) these efFects cannot be neglected so that it is necessary to use an exact description of the magnetic field.
In isotropic superconductors with a closed Fermi surface, the magnetic Geld leads to Landau level quantization of the semiclassical orbits. Early studies of the inQuence of this quantization on the mixed state of type-II superconductors have shown that de Haas-van Alphenlike oscillations could occur in the superconducting transition temperature T, (H) in an external magnetic field. 4 More generally, the inclusion of Landau level quantization in the BCS theory leads to quantum oscillations in various physical quantities near H, (0)2. Experimental evidence for the importance of Landau quantization was found by Graebner and Robbins who observed de Haasvan Alphen oscillations in the mixed state of the layered dichalcogenide 2H-NbSe2. Moreover it has been recently proposed by Tesanovic, Rasolt, and Xing~'8 that Landau level quantization can lead to reentrant behavior at a very high magnetic field (her, )) E~): when only one Landau level is occupied, the orbital &ustration of the order parameter disappears so that superconductivity is only limited by impurity scattering and a Pauli pair-breaking effect. Unfortunately the very high fields needed restrict considerably the possible candidates and makes the experimental observation of this reentrant behavior a diKcult challenge.
In In this paper, we present recent developments concerning the study of superconductivity at a high magnetic field in a quasi-1D conductor with the dispersion law (h = kii = 1 in the following and the Fermi energy is chosen as the origin of the energies): E(k):v(~k~k~) + ty cos(kgb) y t cos(k c) (1) where v is the Fermi velocity for the motion along the chains and t&, t, are the coupling between chains separated by the distances b, c. The use of a linearized dispersion law is justified when t"and t, are much smaller than the Fermi energy. The magnetic Beld is assumed to be along the y direction.
We will consider both cases T, « t, « t& and t, « T, « t& where T, is the zero-field critical temperature. The former condition ensures that the smallest coherence length in the system is always much larger than the spacing between chains [(,(T) ) (,(0) 
where u"=2m T(n + 1/2) is a Matsubara frequency and G (k, k",") is the two-dimensional Green's function: The attractive electron-electron interaction Hamiltonian is described by the BCS model with coupling parameter A & 0:
where we note r = (x, l, m) (12) where ( (2) In the quantum regime (pi, )) T), the eikonal approximation for the Green's functions breaks down and one has to solve the integral equation (9) with the exact form of the kernel (10). T,(H) is clearly independent of q, (which only shifts the origin of the z axis by q, c/2G) allowing one to set q, = 0. Using K(z, z') = K(z+z/G, z'+sr/G), the solution of (9) can be written without any loss of generality as a Bloch function:
where fp is a Gaussian function. The preceding result can be put in a more standard form by introducing the quantum number q, ' = q, + n27r/c (which varies between -oo and oo). The solutions b, (z, q, ') are then Gaussian functions centered at q, 'c/2G = q, '/2eH. The critical temperature is given by K(q ) is the two-dimensional part of the kernel:
Thus in the weak field regime (pi « T), quantum effects of the magnetic field can be ignored and the BCS theory reduces to the Lawrence-Doniach model or, when T « t, to the anisotropic GL theory.
24 Equation (12) is correct as long as the magnetic length 2vr/G is much larger than the thermal length v/2mT. When T, « t" we can use (14) to define a crossover temperature T* between a semiclassical GL regime and a quantum regime: The last expression is obtained using the definition (6) of the coefficients p"(k, ) where the Bessel functions are written as J"(z) = (2n') f e'"" """(")du e We first consider the case without Pauli pair breaking. It then follows Rom (19) and (20) (Fig. 3) , the efFect of disorder can be neglected. The reentrant phases shown in Figs. 1(a) and 2 are not destroyed by impurity scattering (ri « 1). On the other hand, the low-temperature region shown in Fig. 1(b Fig. 4 which corresponds to T,(H) shown in Fig. 1 
In the quantum regime where the degeneracy of T, (H) with respect to Q is lifted, b, q(z) becomes extended.
This suggests that the usual vortex lattice structure is strongly modified when u, )) T. This expression is correct only for~4 p~H +u,~&& T, (H), a condition which will be verified in most cases at low temperature.
In this quasi-2D regime, it is necessary to consider the effect of thermodynamical fluctuations on the validity of the mean-field description. be a monotonic decreasing function of the 6eld but has to increase strongly at the transition between the GL and quantum regimes. With the parameters used to obtain Fig. 1 , NCI, 6 at the end of the GL regime, while it is possible to distinguish 21 phases in the quantum regime. This increase of N corresponds to a change in the structure of the order parameter as will be shown below.
Close to the Josephson limit T, t" the cascade of phase transitions disappears and we have NG& NR 2.
(o)
Before representing graphically the order parameter, we calculate the current distribution. We also show that the order parameter defined by (41) 
+262 cos(2Gz) [1 + i( -1) ] . (52) In order to obtain the expression of the current to leading order in t2/A&2, we have to expand the Bessel functions appearing in (48) and (49) (2Gx) . (59) e t,
Equations (52), (56) 
where v is the Fermi velocity for the motion in the (z, y) planes, c the distance between planes, and k~~=~k~~H pling between planes t, = t,/2 6 K, which corresponds to the Josephson limit depicted in Fig. 3 (Fig. 11) . Elementary geometric considerations show that the amplitudes are between 2t, /v and 2/t, t~~/v for the open orbits, and between 0 and 2/t, t~~/v for the closed orbits. Here t~~v kĩ s the hopping integral in the (x, y) plane. It follows that the amplitudes of the real space orbits r(t) are between 2ct, /u, and 2cgt, t~~/u, for the open orbits, and between 0 and 2cgt, t~~/u, for the closed orbits, where u, = eHcv. Since all the orbits are localized in the z direction, the one-particle Green's function will be localized in this direction4o. The presence of open orbits in the x direction ensures that the electrons are not localized in this direction. The behaviors of the Green's functions in quasi-1D and quasi-2D conductors are then very similar. In particular, the particles will have a 2D motion confined in the (x, y) planes at very high magnetic field , && t, . 4 As long as only orbital effects are considered, there will be a strong reentrance of the superconducting phase. We expect that the system will evolve &om the GL regime to this reentrant phase through a cascade of first-order transitions due to commensurability effects between the crystalline lattice spacing and the periodicity of the order parameter, as it is the case in a quasi-1D superconductor.
Although orbital effects of the Geld are similar in quasi-1D and quasi-2D systems, these two kinds of systems differ concerning the effect of Pauli pair-breaking. With the dispersion law (61), it is not possible to construct a LOFF state which would compensate signi6cantly the Pauli pair-breaking effect as it is the case for the quasi-1D dispersion law (1). Except in very special cases [i.e. , when E(kll) +p&H = E(qll k ) p~H on a sig-»ficant part of the Fermi surface], the superconducting phase will be destroyed for a field of the order of the Pauli limited 6eld. Therefore, the observation of quantum effects will be possible only near H, 2' (0) and in superconducting materials which are not Pauli limited.
The possibility to observe quantum effects in quasi-2D superconductors certainly enlarges the number of materials which could exhibit high-field superconductivity.
It should be remembered that these materials have to be clean and sufBciently anisotropic as discussed in Sec.
II. Moreover, a too high zero-6eld critical temperature (like, for example, in high-T, superconductors) would be a drawback because the quantum effects would then appear at very high field. The quasi-2D organic superconductor P-(BEDT-TTF)21s in the high-T, (P H) This material has a cou-
